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dissolution  of  lithium  salts  in  linear  poly(ethylene  imlne)  has  beSn  in¬ 
vestigated  because  of  its  possible  role  as  a  solid  electrolyte  in  lithium 
battefles.  Lithium  salts  included  In  the  study  are  LiF,  LlCl,  LlBr,  Lll,  LISCN, 
LICIO/  and  LlBF^i.  When  cast  from  solution  in  a  common  solvent,  a  uniform  mlx-^ 
ture  Is  obtained  (except  for  the  case  of  LiF) .  Interaction  of  the  sals  and 
polymer  can  be  characterized  by  observing  a  loss  in  crystallinity  of  ttie  polymex 
and  an  Increase  in  the  glass  transition  temperature.  At  boncentration^  of  salt 
below  10  mole  percent,  the  polymer  can  slowly  recrystallize  at  room  tenjperature 
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The  dissolution  of  llthlua  salts  In  linear  po1y{ethy1ene  lalne)  has  been  Investigated  because  of 
its  possible  role  as  a  solid  electrolyte  In  llthlua  batteries.  Llthlua  salts  Included  In  the 
study  are  L1F.  L1C1.  LIBr,  LII,  L1SCN.  L1CT0.  and  L1BF..  When  cast  fnaa  solution  In  a  conann  sol* 
vent,  a  unifonn  ailxture  Is  obtained  (except  for  the  case  of  L1F).  Interaction  of  the  salt  and 
polyner  can  be  characterized  by  observing  a  loss  In  crystallinity  of  the  polyawr  and  an  Increase 
In  the  glass  transition  tuaperature.  At  concentrations  of  salt  below  10  aa>1e  percent,  the  polyawr 
can  slowly  recrystalllze  at  roou  teagwrature  but  at  higher  concentrations,  the  wlxture  raawins 
aawrphous  for  an  Indefinite  period  of  tiaw.  OC  conductivity  at  roou  tuaperature  Is  about 
1x10  *  S/oa  but  Increases  to  1x10**  S/cu  at  150  *C. 


1.  INTROOUCTION 

The  dissolution  of  alkali  uetal  salts  In 
oxygen*conta1n1ng  polyuers  such  as  polyethy¬ 
lene  oxldc)^*^,  po1y(propy1ene  oxlde)^*^,  and 
po1y(ethy1ene  succinate)^  Is  believed  to  In¬ 
volve  strong  Interaction  between  the  cation 
and  the  unshared  electron  pairs  of  the  oxygen. 
Me  have  exaulned  linear  poly (ethylene  lulne), 
('CHjCHjNH-li,  as  a  host  polyawr  for  electro¬ 
lytes*  because  of  the  unshared  electron  pair 
on  nitrogen.  Many  of  the  phenoawna  observed 
are  analogous  to  those  of  po1y(ethy1ene  ox- 
1de)-sa1t  systaus.  For  exaaple,  the  lulne 
polyawr  (PEI)  dissolves  uany  of  the  saaw  al¬ 
kali  uetal  salts  as  the  ether  polyawr  as  evi¬ 
denced  by  a  loss  in  crystallinity  of  the 
polyawr,  the  absence  of  x-ray  diffraction  frou 
the  added  salt,  and  an  Increase  In  the  glass' 
transition  tuaperature.  In  the  case  of  sodlua 
Iodide  In  PEI,  a  new  crystal  phase  Is  foruod 
which  uelts  near  ISO  %  rather  than  near  SB  *C 
which  Is  the  Halting  point  of  the  unadulter¬ 
ated  polyawr.  The  uolar  ratio  of  Na/N  In  the 
couplex  Is  about  1/3  rather  than  the  1/4  ratio 


usually  observed  for  Na/0  In  the  PEO  coat- 
plex*»*.  Ionic  conductivity  of  the  PEI-salf 
aixtures  In  aost  cases  Is  couparable  to  that 
reported  for  PEO-salt  ulxtures.  Results  ob¬ 
tained  for  a  variety  of  llthlua  salts  In  lin¬ 
ear  po1y(ethy1ene  lulne)  will  be  presented  In 
this  report. 

2.  EXPERIHENTAL 

A.  Preparation  of  polyawr  and  couplexes 

The  po1y(ethy1ene  lulne)  which  Is  available 
coawerclally  Is  highly  branched,  non-crystal¬ 
line,  and  available  only  as  an  aqueous  solu¬ 
tion.  Linear  po1y(ethy1ene  lulne)  was  pre¬ 
pared  following  the  procedure  of  Saagusa  et 
al*»^®  which  Involves  hydrolysis  of  poly- 
(N-acetyl  ethylene  lulne)  which  In  turn  was 
polyawrizod  by  the  uethyl  Iodide-Initiated 
ring-opening  polyawrizatlon  of  2-uethyl 
oxazollne  In  diawthyl  foruauldo  solution. 

Llthlua  salts  of  r.  Cl*.  Br*,  I*.  SOT, 
CIO4*,  BF4*  and  CF3SO3*  were  dehydrated  by 
heating  In  a  vacuus.  Dried  linear  PEI  and  an 
appropriate  auount  of  anhydrous  salt  to  yield 


a  MOlar  ratio  of  salt  to  aonowr  of  0.1  wora 
dissolvad  in  spoctra  grade  acetonitrile  at 
reflux  twperature  (ca.  82  *C].  The  resulting 
unifora  solution  was  then  evaporated  to  dry¬ 
ness  by  evacuating  for  several  days  at  100  *C. 
8.  Olfferentlal  Scanning  Calorlawtry 
DSC  scans  uere  aeasured  using  a 
Perkin-Elaer  OSC-Il  equipped  with  a  data  sta- 
tlon^^.  Saaplet  ware  heraetically  sealed  In 
an  argon-filled  dry  box  and  heating  and  cool¬ 
ing  rates  were  usually  20  *C/a1n.  Malting 
taaperatures  reported  herein  refer  to  the  peak 
tanperature  of  the  endothenaal  peak  at  the 
noraal  scanning  rate  and  glass  transition  tw- 
peratures  are  reported  as  the  aid  point  of  the 
change  In  heat  capacity. 

C.  Conductivity  Neasuroaents 

To  avoid  neasurasent  probleea  associated 
with  polarization  at  the  electrodes,  DC  con¬ 
ductivity  wu  deduced  froa  Cole-Cole  plots  of 
K  lapedance  data  obtained  over  the  frequency 
range  froa  100  Hz  to  13  Wlz^2,  fc  lapedance 
was  deteralned  using  a  coaputerlzod 
Hewlett-Packard  aodel  3470  network  analyzer^^. 
The  saaple  cell  consisted  of  two  thin  stain¬ 
less  steel  electrodes  and  a  glass  saaple  cup. 
Mhen  loading  the  saaple  Into  the  conductivity 
cell.  It  was  exposed  to  ataesptieric  conditions 
for  about  10  alnutes  and  was  subsequently 
dried  by  evacuating  overnight  followed  by 
heating  to  the  highest  aeasurlng  taaperature 
(usually  140*)  with  continued  evacuation  for 
another  20  to  40  hours.  lapedance  data  were 
first  obtained  upon  cooling  froa  the  highest 
taaperature  In  steps  of  five  to  ten  degrees, 
allowing  30  alnutes  for  theraal  equillbriua 
at  each  taaperature.  lapedance  data  were 
also  obtained  during  subsequent  heating  and 
cooling  cycles. 


lar  ratio  of  L1/(-CN2€H2NH-)  of  1/10  are  shown 
In  Figure  1  for  PEI-LICF3SO3.  Trace  (a)  was 
obtained  when  heated  at  20  C/aIn  for  the 
first  tiae.  It  shows  an  Indication  of  a  glass 
transition  at  -13  C  and  an  endothenelc  peak 
at  52.8  C  attributed  to  the  aelting  of  PEI 
crystals.  Upon  cooling  froa  the  aolten  state 
at  20  C/aIn,  one  obtains  trace  (b)  which 
shows  only  the  glass  transition  w1^  no  evi¬ 
dence  of  a  crystallization  exothera.  [The 
sane  polyaer  without  the  addition  of  salt  ex¬ 
hibits  a  sharp  exothene  upon  cooling.]  Subse¬ 
quent  heating  and  cooling  cycles,  traces  (c) 
and  (d).  show  only  a  change  In  heat  capacity; 
no  first  ordar  transitions.  If  stored  at  rooa 
taaperature  for  several  days,  crystallization 
does  occur  and  the  characteristics  of  trace 
(a)  can  be  reproduced. 

The  SOM  DSC  characteristics  were  observed 


TEMPOUTunE  (PC) 


3.  AESULn 

Typical  DSC  traces  of  PEI  containing  a  ao-  OSC  Traces  of  PEl-LlSJSJ  Lploxat. 


for  «11  of  tho  lithitti  salts  llstad  abo««  ax-  D«ta  obtalnad  froa  the  saM  sa^)1a  upon  heat- 

cept  LiF.  In  this  case,  there  was  essentially  1n«  exhibit  an  abrupt  change  between  4S  amt 

no  change  In  the  laeltlng  point  of  the  PEI  50  ‘C  *A1ch  Is  the  region  In  t4i1ch  uncoaiplexed 

crystals,  crystallization  of  the  polywr  was  polyMr  undergoes  a  phase  change.  Recall  that 

observed  upon  cooling,  and  evidence  for  a  crystallization  Is  not  observed  upon  cooling 

glass  transition  In  the  taaperature  range  ex-  this  systaa  at  20  "C/eln  in  the  DSC  but  the 

aalned  was  absent.  The  only  Indication  we  cooling  rates  used  for  the  conductivity  aeas- 

have  so  far  that  LIF  has  dissolved  In  the  ureiaenU  are  necessarily  mich  slower  and  soaw 

polyMT  Is  that  the  degree  ef  crystallinity  crystallization  aay  be  occurring.  The  aetlva- 

has  been  reduced.  energy  for  Ionic  conduction  seeas  to  de- 

The  OC  conductivity  results  for  PEI  con-  upon  the  presence  or  absence  of  polyaer 

talning  0.1  aole  of  LICIO4  per  aole  of  aonoaer  crystals  -  auch  as  In  the  case  of 

repeat  are  shown  as  a  function  of  reciprocal  poly(ethy1ene  oxide)  -  salt  systMs^*^.  Below 

taaperature  In  Figure  2  for  both  cooling  and  ^5  ’C*  apparent  activation  energy  Is  1.35 

heating  cycles.  Conductivity  daU  obtained  but  decreases  to  0.72  eV  for  taaperatures 

during  the  cooling  cycle  exhibit  a  saootb  but  above  80  •€,  Both  the  values  of  conductivity 

curved  variation  with  reciprocal  taaperature.  and  activation  energies  are  slallar  to  those 


F16URE  2 

Conductivity  of  PEI-L1C10.  coaplex  as  a  func¬ 
tion  of  Inverse  taaperature.  (e  heating; 

0  cooling) 


FlfiURC  3 

Conductivity  of  PEI-LIBF.  coaplex  as  a  func- 
tien  of  Inverse  taaperature.  (e  heating: 

0  cooling) 


reportad  for  coaiparablt  Itvtis  of  LICIO4  in 

DC  conductivity  as  a  function  of  roelpro- 
cal  ta^raturo  Is  shown  In  Figura  3  for  PEI 
containing  O.l  mola  of  LHF4  par  aola  of  nono- 
mr  repeat.  .  Hystarasls  In  conductivity  upon 
haating  and  cooling  In  tha  raglon  of  Halting 
and  crystallization  of  tha  polyaar  Is  aaich 
nnra  pronouncad  In  this  systaa.  Apparant  ac¬ 
tivation  anarglas  abova  and  balow  tha  crystal¬ 
lization  region  are  0.56  eV  and  1.64  eV. 
respactivaly. 

4.  DISCUSSION 

Tha  po1y(ethy1ana  lalna)  prepared  by  tha 
procedure  described  Is  of  rather  low  aolacular 
weight,  about  2,000,  and  crystallizes  readily 
Into  a  brittle  auterlal.  Broad  line  NM  pro¬ 
ton  resonance  spectra  can  be  resolved  Into  a 
narrow  line  coaponent  which  we  attribute  to 
protons  In  the  aaorpbous  region  and  a  broad 
coMponent  attributable  to  protons  within  the 
crystalline  phase.  A  saaple  whose  degree  of 
crystallinity  was  801  as  detenalned  by  NNt  ex¬ 
hibits  a  heat  of  fusion  (by  DCS)  of  55.3  cal/g 
(231.5  J/g).  Frcm  these  data  we  deduce  that 
the  heat  of  fusion  of  the  crystalline  phase  Is 
69.1  cal/g  (289.3  J/g)  which  we  use  In  subse¬ 
quent  estiMtes  fdr  degree  of  crystallinity  In 
PEI  to  idilch  llthlui  salts  have  been  added. 

As  mentioned  previously,  a  reduction  In  degree 
of  crystallinity  Implies  that  the  added  salt 
Interacts  strongly  with  the  polymer  and  at 
least  some  of  it  must  be  dissolved.  Heats  of 
fusion  were  obtained  on  the  first  heating  cy¬ 
cle  following  removal  of  the  acetonitrile;  ex¬ 
cept  for  the  cate  of  L1F,  there  Is  no 
endothermic  peak  If  reheated  imaedlately.  The 
DSC  results  are  simmarlzed  In  Table  1  where 
the  observed  enthalpies  are  expretsad  In 
grams  of  polymer  (I.e.  correctod  for  salt 
content).  The  CP3SO3*  (triflate)  salt  has  the 


greatest  effect  on  crystallinity  which  Is  con¬ 
sistent  with  the  Idea  that  salts  of  low  lat¬ 
tice  energy  are  most  readily  dissolved^. 
According  to  the  lattice  energies  compiled  by 
Shriver  et  al2,  LIBF4  has  the  lowest  lattice 
energy  of  the  salts  examined  here  but  Its  ef¬ 
fect  on  crystallinity  (as  cast  from 
acetonitrile)  Is  not  as  great  as  most  of  the 
other  salts.  When  cooled  at  20*/m1n  from 
above  the  melting  point  of  the  polymer  how¬ 
ever,  all  the  salts  except  L1F  prevented  crys¬ 
tallization  of  the  polymer. 

The  glass  transition  temperature  of  poly¬ 
ethylene  Imlne)  was  not  observed  directly  In 
our  measurements.  It  Is  probebly  below  -40  *C 
which  Is  the  lower  range  of  our  present  DSC 
equipment.  The  pretence  of  80t  crystallinity 
also  makes  It  difficult  to  determine.  How¬ 
ever,  In  other  work,  we  have  cross-linked  the 
PEI  with  verying  levels  of  diepoxyoctane  which 
prevents  crystallization  and  Introduces  a 
clearly  observed  Tg  within  the  range  of  our 
DSC.  Extrapolation  of  these  data  to  zero  con¬ 
centration  of  cross-links  yields  >35  *C  as  an 
estimate  of  Tg  which  Is  listed  In  Table  1. 
Again,  all  of  the  salts  except  LIF  cause  an 
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Conplow  Formation  of  PEI  wd  Lithium  Salta 
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Increase  of  Tg.  PresuMtoly,  Ll'^  ions  act  as 
cross-links  by  Interacting  with  unshared  elec¬ 
tron  pairs  on  the  nitrogens  of  neighboring 
chains.  An  Increase  In  Tg  is  further  evidence 
for  the  dissolution  of  salt  by  the  polyaertA^ 

All  of  the  llthliaa  salts  exaalned  (except 
L1F)  have  about  the  saaa  effect  on  the  glass 
transition  taaperature  as  obtained  froa  DSC 
scans  at  ZOValn.  Conductivity  data  shown  In 
Figures  3  and  4  for  LICIO4  and  LI8F4  represent 
the  highest  and  lowest  Tg's  of  the  very  Ha¬ 
lted  range.  The  systea  containing  LIBF^  ex¬ 
hibits  a  larger  conductivity  then  that  of 
LICIO4  over  the  whole  range  of  taaperature 
which  Is  consistent  with  greater  nobility  In 
the  systea  of  lower  Tg.  The  conductivities 
are  In  the  sane  range  as  those  reported  for 
po1y(ethy1ene  oxide)  •  salt  systans^^.lS,  es¬ 
pecially  above  the  aeltlng  point  of  the  PEI. 

The  pronounced  hysterlsis  In  conductivity 
between  heating  and  cooling  In  the  PEI-LlBFe 
systea  of  Figure  3  Is  associated  with  the 
aeltlng  and  crystallization  of  polyner  cry- 
tals.  Super  cooling  and  slow  crystallization 
are  phenonena  usually  observed  In  polyaers  but 
the  dissolution  of  salt  In  the  polyaers 
discussed  here  enhances  these  effects.  Mien 
cooled  froa  above  the  aelt,  the  conductivity 
decreases  saoothly  with  decreasing  taaperature 
until  about  SO  ‘C  where  It  suddenly  decreases 
over  a  narrow  taaperature  range  and  then  as- 
suaes  a  saooth  decrease  again  with  a  higher 
activation  energy  than  at  higher  taaperatures. 
The  rapid  decrease  coincides  with  polyaar 
crystallization.  Upon  reheating,  the  polyaer 
crystals  persist  until  about  70*  and  the  con¬ 
ductivity  Is  consequently  lower  between  SO  and 
70*  than  It  was  during  cooling  through  this 
saae  region.  The  reasons  for  reduced  conduc¬ 
tivity  In  the  presence  of  polyaer  crystals 
have  not  been  deteralned  but  one  can  speculate 
on  possibilities,  certainly  the  presence  of 


crystallites  through  which  the  ions  cannot 
move  will  require  that  the  Ions  nigrate 
through  a  more  tortuous  path  which  will  reduce 
conductivity  but  one  would  not  expect  this  to 
greatly  Influence  the  apparent  activation  en¬ 
ergy  for  conduction.  Since  the  Ions  are  dis¬ 
solved  In  the  amorphous  regions  of  this 
polyaer,  the  removal  of  part  of  this  phase  by 
crystallization  will  increase  the  concentra¬ 
tion  of  Ions  In  the  remaining  anorphous  phase 
which  In  turn  can  cause  an  Increase  In  Tg  and 
reduce  nobility  of  Ions  In  the  po1|aer.  Fur¬ 
thermore,  If  the  notion  of  Ions  boeed  to  a 
polyaer  chain  depends  upon  the  segmental  no¬ 
bility  of  the  polyner  chain,  such  notion  can 
be  expected  to  be  greatly  Inhibited  by  Incor¬ 
poration  of  a  part  of  the  chain  in  a  polyner 
crystal. 

Conductivity  data  obtained  upon  cooling 
the  PEI  contaliHng  LICIO4  covers  a  large  teen 
perature  range  over  which  the  poljaer  renalns 
alnost  ccnpletely  amorphous.  Mien  plotted  as 
a  function  of  reciprocal  tenperatun,  the  data 
are  represented  by  a  curved  line  raninl scent 
of  the  taaperature  dependence  of  viscosity 
which  has  been  noted  for  other  poljaer-salt 
systems^.  Assuaing  that  conductivity  varies 
Inversely  with  viscosity,  the  data  can  be  fit 
very  well  to  a  fora  of  the  M.F  equetlon^®*^^: 

r-  r*exp[(-CiC2/{T-To)]  (1) 

where  »  Is  conductivity,  T  Is  tenpvature, 
and  are  constants  related  to  fractional 
free  volume  and  its  variation  with 
taaperature,  '*  Is  the  conductivity  at  Tg 
tines  e^|,  and  Tg  Is  a  taaperature  parameter. 
Tg  Is  related  to  the  glass  transition 
taaperature  through  the  relation: 

Tg  •  Tg  -  Cj  (2) 

Values  of  the  parameters  obtained  from  a  least 
squares  fit  to  the  data  are  Tg  «  m  k  and 
C1C2  ■  930  R.  From  the  value  of  Tg  In  Table 
I,  we  deduce  that  C2  ■  M*  and  C|  ■  14.1  which 


arc  close  to  the  'universar  values  of  SI  .6 
amt  17.4,  respectively.  The  data  can  be  fit 
equally  as  well  to  eapirical  equations  of  the 
form; 

*  -  (A/T)  exp  [-B/(T-To)]  (3) 

•  -  (A/tI/2)  exp  C-8/(T-To)]  (4) 

where  A.  B,  and  Tg  are  constants. 

5.  CONCLUSIONS 

Linear  poly(cthylcnclielne)  has  been  shown 
to  dissolve  the  llthlua  salts  of  C1~,  Br~,  r. 
SCN**.  CIO4.  BF4~,  and  CF3S03~  at  concentra¬ 
tions  of  1  mole  of  salt  to  10  nolcs  of  leonaaMr 
repeat.  If  L1F  dissolves.  It  Is  to  a  lesser 
extent  than  the  other  salts.  Olssolutlon  Is 
evidenced  by  a  decrease  In  crystallinity  of 
the  nonMily  senlcrystalllne  polyeier,  an  In¬ 
crease  In  the  glass  transition  teaperature  and 
large  Increases  in  conductivity.  No  evidence 
for  a  hlgh-aeltlng  specific  crystalline  cosh 
plex  between  the  linear  PEI  and  LI  salts  has 
been  observed.  Tcaperature  dependence  of  K 
conductivity  as  deduced  froa  AC  lapedance 
analysis  shows  a  change  in  slope  at  the  aelt- 
Ing  point  of  the  PEI  crystals.  Hysteresis  be¬ 
tween  heating  and  cooling  Is  observod  In  soae 
cases  In  the  region  of  crystallization  and 
aeltlng  showing  greater  conductivity  In  an 
undercooled  saaple  than  in  a  saalcrystalllne 
saaple  at  the  sane  taaporature.  For  poly- 
aer-salt  systems  In  which  crystallization  Is 
suppressed  during  tho  tine  scale  of  the  elec¬ 
trical  aeasurenents,  tho  conductivity  data  as 
a  function  of  taaporature  are  well-represented 
by  an  enpirical  equation  similar  to  the  ULF 
equation  which  describes  the  temperature  de¬ 
pendence  of  viscosity.  The  paraeeters  deduced 
froa  a  least  squares  fit  to  tho  data  yield 
constants  similar  to  those  of  the  ULF  equa¬ 
tion. 
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